An electrically controllable fiber Bragg grating (FBG) with polarization-dependent characteristics is described. The optic axis of a liquid crystal (LC) can be rearrangeable by means of external electric fields, which results in the change of an effective refractive index of an LC. The reflectivity and Bragg wavelength of an LC-cladding FBG can be controlled according to the refractive index of surrounding region of the fiber which is determined by the refractive index of the LC-cladding. The tuning ranges of the LC-cladding FBG were $4:6 dB of the reflectivity and $0:3 nm of Bragg wavelength based on unpolarized light, respectively, and polarization isolation of 1.5 dB was achieved at 100 V p{p based on polarized light.
Introduction
Fiber Bragg gratings (FBGs) have been widely attracting attention for their applications in fiber optic telecommunications and smart sensing systems such as wavelengthselective mirrors, dispersion compensators, and strain and/or temperature sensors. [1] [2] [3] [4] [5] The development of the optical fiber systems currently requires passive devices with flexible characteristics, which have recently been an important issue. The mechanical or thermal tuning of the central wavelength of an FBG based on changing the grating period, or on tuning the refractive index of the fiber have been reported. [6] [7] [8] However, these methods might have the disadvantage of low tuning speed. Reflectivity tunable FBGs using acoustic waves have also been reported. 9) The coupling from a core mode to the cladding modes due to acoustically excited transverse vibration can generate transmission loss, which enables tunable reflectivity of FBGs. However, transmission loss that is induced by acoustic wave occurs in the whole of wavelength region of interest as well as Bragg wavelength, which might be disadvantageous. In optical communication systems with high data-transfer rate, polarization effects such as polarization-dependent loss (PDL), polarization-dependent gain (PDG), and polarization mode dispersion (PMD), have been key issues underlying the ultimate performance of such systems. [10] [11] [12] There have been attempts to develop tilted FBGs for PDL equalizers, chirped FBGs for application of dispersion compensators. 12, 13) Controllable long-period fiber grating (LPFG) devices utilizing liquid crystal (LC) for dynamic gain flattening filters in broadband amplifier modules and controllable PDL compensators are also reported. 14) In this paper, we propose an electrically controllable FBG with LC cladding whose reflectivity and central wavelength can be controlled by an electrical method, which is based on the electrical property of LCs. The schematic of the proposed LC-cladding FBG is shown in Fig. 1 , which gives qualitative point of view about the LC-cladding FBG. The nematic LC is one of the most extensively used anisotropic material of which effective refractive index is determined by the alignment of its optic axis.
15) The core-mode index of the fiber that is immersed inside the LC is determined by the effective refractive indices of the core as well as the cladding region, strictly speaking. Therefore, the core-mode index of the fiber inside the LC is affected by the effective index of the LC because the effective index of the cladding is affected by that of the LC, if the cladding thickness is small enough. If the alignment of the LC is changed from (a) to (b) in the Fig. 1 , the effective index of the LC is changed and the effective index of the cladding region of the fiber is also changed due to the modification of the optic axis of the LC. As a result, the core-mode index of the fiber is affected by the change of the effective index of the cladding region, which makes the Bragg wavelength of the FBG controllable by changing the effective index of the cladding region, because the Bragg wavelength is dependent on the mode index of the fiber. The core-mode index also affects the field confinement and the field confinement is related to the coupling strength of the FBG. 1, 2) Thus, the change of the core-mode index leads to the change of the coupling strength of the FBG. In addition, the change of the refractive index of the surround of the fiber causes the variation of the transmission loss of the fiber with LC cladding. 16) Thus, the controllable reflection of the FBG due to variation of the refractive index of the cladding region of the fiber can be achievable. Therefore, the Bragg wavelength and the reflection of the FBG are controllable according to the change of the alignment of the optic axis of the LC from (a) to (b) in Fig. 1 . The theoretical and experimental details are followed in §2 and 3. In addition, LCs are anisotropic material, as mentioned above, and have uniaxial birefringent properties. Thus, the incident wave experiences the different effective refractive index of the LC according to its polarization state, which means the incident wave has different reflection properties through the LC-cladding FBG with respect to its polarization state. Therefore, the polarization-dependent reflection characteristics of the electrically controllable LC-cladding FBG are also described.
Theoretical Background of Fiber Bragg Gratings with Liquid Crystal Cladding
The mode index in a fiber is determined by refractive indices of a core and a cladding as well as boundary conditions at the interface between the core and the cladding of the fiber. Strictly speaking, together with the factors mentioned above, the refractive index of the surround of the fiber and the boundary conditions at the interface between the cladding and the surround also must be considered when the thickness of the cladding is sufficiently small, and thus, the refractive index of the surrounding material can affect the mode index. A perturbation to the effective refractive index of the core mode without grating chirp can be described by 2) 
where n eff is the dc index change spatially averaged over the grating period, v the fringe visibility of the index modulation, Ã the nominal grating period, n co the induced index change across the core, and À the field confinement factor for the mode of interest, respectively. À can be determined from
where l is the azimuthal order of the mode, V a normalized frequency, n co the core index, n cl the cladding index, and b the normalized effective refractive index, respectively. V and b are expressed as:
where a is the core radius. If a fiber has a step-index profile and an index modulation is created uniformly across the core, the second approximated equality in eq. (1) is satisfied. When the surrounding refractive index of the fiber is changed, the confinement of the interested mode is also changed, 17, 18) and thus, the reflectivity of an FBG is varied because the coupling strength of the FBG is dependent upon the field confinement. 1, 2) In addition, the change of the effective refractive index of the core mode can also modify the central wavelength of the FBG according to the familiar equation of Bragg wavelength:
where B is a Bragg wavelength of the FBG, n eff an effective refractive index, and Ã a grating period, respectively. The crystalline reorientation of LCs can be achieved by externally applied fields, such as dc or low-frequency electric, magnetic, and optical electric fields, etc. [16] [17] [18] Of the several types of LC phases, a nematic phase is very useful and has been in widespread use. It possesses a single orientation order of the molecular axis and has uniaxial birefringent properties, as illustrated in Fig. 2 . Its birefringent properties could resolve polarization-dependent problems and could also be used as a polarization-discriminating clue. The refractive index of an LC is dependent on the average alignment of the molecules (director). It can be assumed that the nematic director of an LC lies on the x-z plane and that it is initially aligned in the direction of the z axis. If an external electric field is applied in the direction of the x-axis, the angle increases with the strength of the applied field. In the case of ¼ 0, light waves which propagate in the direction of the z-axis experience the ordinary refractive index (n o ) of the LC because of the azimuthal symmetry of the LC director. When external electric fields are applied, the nematic director, i.e., the optic axis of the LC becomes oriented toward the direction of the external electric fields to minimize its free energy. 16 ) Light waves polarized parallel to the direction of the external electric fields (parallel to the x-axis), which is denoted by P-polarization, experience the effective extraordinary refractive index (n e,eff ) of the LC. On the other hand, light waves polarized perpendicular to the direction of the external fields (parallel to the y-axis), which is denoted by S-polarization, always experience the ordinary refractive index of the LC. This polarization-dependent refractive index affects the coupled mode of FBGs; as a result, the polarization-dependent reflectivity of the FBGs can be obtained. Hereafter, the notation of the P-and S-polarization states holds, as depicted in Fig. 2 . Figure 3 shows the schematic of step-index and LCcladding fibers with their refractive index profiles along the cross section diameters. The r co and r cl are the radii of a core and a cladding of the fiber, respectively. The refractive indices of a core, a cladding, and surround of the fiber are n 1 , n 2 , and n 3 , respectively. When a single-mode fiber (SMF) has no polymer jacket, the fiber is surrounded by air and the refractive index outside the cladding is lower than that of the cladding, as illustrated in Fig. 3(a) . When LCs are placed outside the cladding, the refractive index of the surround is higher than that of the cladding, as illustrated in Fig. 3(b) , because of the higher refractive index of LCs.
We consider three different cases of a standard SMF (Case I), an SMF with a reduced cladding diameter (Case II), and an SMF with a reduced cladding diameter and outer LC cladding (Case III). The normalized effective refractive indices described by eq. (4) of the LP 01 mode with respect to wavelengths are shown in Fig. 4(a) . (Theoretical analysis in details is described in the Appendix.) The mathematical parameters of n 1 and n 2 are 1.4605 and 1.4571, respectively. The core radius r co is 4 mm. In the Case I, the cladding radius r cl is 62.5 mm and the surrounding refractive index of the fiber n 3 is 1. Different values of the parameters are used for Cases II and III; r cl ¼ 15 mm, n 3 ¼ 1 for the Case II and r cl ¼ 15 mm, n 3 ¼ 1:50 for the Case III. This value of n 3 in the Case III is the ordinary refractive index of the LC (E7 from Merck Korea) at the wavelength of 1550 nm, where the initial rubbing direction is assumed to be along the fiber axis. It is shown in Fig. 4(a) that the mode index is decreased by reduction of the cladding diameter because the surrounding refractive index of the fiber becomes smaller (silica ! air), which means the reduction of the effective index in the cladding region of an optical fiber results in the decrease of the mode index. When LCs are placed in the surround of the fiber, i.e., the case III, the effective refractive index of the cladding region becomes larger (air ! LC), and thus, the mode index also becomes larger. As a result, the increase of the refractive index in the surrounding region of the fiber induces the increase of the mode index. When an external electric field is applied, the effective refractive index of the outer cladding region further increases because the extraordinary refractive index of E7 is larger than the ordinary one. Thus, P-polarized light wave experiences higher refractive index, i.e., effective extraordinary refractive index, under external electric fields, while S-polarized light wave still experiences the ordinary index of the LC. Figure 4 (b) shows the increase of the field confinement according to the normalized effective refractive index expressed by eq. (4), which is determined from eq. (2). The increase of the effective refractive index results in the increase of the field confinement factor, which enhances the coupling strength of FBGs. In addition, according to eq. (5), the Bragg wavelength of an FBG is shifted with respect to the effective index. Therefore, the reflectivity and the Bragg wavelength of the LC-cladding FBG are electrically controllable according to the effective refractive index of the surround of the optical fiber, and polarization-dependent characteristics of this structured FBG can also be achieved.
Experimental Details and Results
The schematic of the LC cell structure with an FBG is shown in Fig. 5 . After hydrogen-loading the SMF in order to improve the photosensitivity, the 1-cm long FBG was inscribed using the conventional phase mask method with UV exposure. The period of the phase mask was 1071 nm, which makes the Bragg wavelength of 1549.3 nm. After the FBG fabrication, the SMF was chemically etched with a 49-wt % HF for 35 min, which reduced the fiber diameter from 125 mm to $15 mm. The inset in Fig. 5 is the magnified texture image of the LC cell with the etched FBG under 45 cross-polarizers with the applied voltage of 50 V p{p . The reduction in fiber diameter provides several advantages: an improvement in the long-range ordering of the LC director in the surrounding medium of the cladding, a reduction in the control voltage and an improvement in modulation rate, etc. 13) Moreover, the smaller fiber diameter, the bigger effect on the mode index change can be achieved. The LC cell consisted of a pair of rubbed glass substrates deposited with indium thin oxide (ITO). The poly vinyl alcohol surfactant was spin-coated on them. The FBG was aligned between two substrates parallel to the rubbing direction. The cell gap was maintained using 25-mm-thick spacers. The nematic LC, E7, was inserted into the cell along the direction of the fiber axis. The entire etched region of the fiber was 8.2 cm; the middle 3-cm portion was immersed in the LC cell. The ordinary and extraordinary refractive indices of the LC are n o ¼ 1:4978 and n e ¼ 1:6695 at the wavelength of 1550 nm, respectively. When external electric fields are applied in the direction perpendicular to the fiber axis, the nematic director of the LC tends to be oriented toward the direction of the external electric fields to minimize its free energy.
Unpolarized light wave
The schematic of the experimental setup is illustrated in Fig. 6 , just without the polarizer in order to launch unpolarized light. Unpolarized light waves from a broadband light source (erbium-doped fiber amplifier; EDFA) is launched into the FBG located inside the LC cell through the three-port circulator. The reflected light wave from the FBG was monitored by an optical spectrum analyzer (OSA). i.e., all of the polarization states of light averaged. The spectral variation, the reflectivity and central wavelength changes of the LC-cladding FBG according to the externally applied voltage are shown in Fig. 7 . As the applied voltage increases, the reflectivity of the LC-cladding FBG becomes higher because the stronger coupling strength of the FBG is induced as the field confinement factor determined from eq. (2) increases according to the increase of the surrounding index of the fiber, even if the insertion loss becomes higher because the refractive index of the LC is greater than that of the cladding. 16) If the LC of which refractive index is smaller than that of the cladding was used, the light propagated through LC-cladding FBG could experience total internal reflection, and thus, the light would not be attenuated. The increase of the refractive index of the surround of the fiber causes the decrease of the transmission loss of the LCcladding FBG, which also contributes to the enhancement of the reflectivity of the LC-cladding FBG.
16) The reflectivity is saturated as the applied voltage approaches 200 V p{p , which is because the decrease of the transmission loss of the LCcladding FBG is saturated and because the LC-cladding FBG already has sufficient reflection over 95%. In the range of the applied voltage less than 200 V p{p , the central wavelength does not move even though the surrounding index of the fiber is increased, as illustrated in Fig. 7(a) , which might be because the field confinement factor varies more sensitively with respect to the surrounding index compared with the Bragg wavelength of the FBG, and because the change of the refractive index of the surround of the FBG is not sufficient to tune the Bragg wavelength. With the continuous increase of the applied voltage up to 600 V p{p , the Bragg wavelength is shifted toward longer wavelength, as shown in Fig. 7(b) , which is expected by eq. (5). It is because, at last, the variation of the refractive index of the surround of the fiber in this stage is sufficient to shift the Bragg wavelength of the FBG. It is shown in Fig. 7(c) that the tunable ranges of the reflectivity and the Bragg wavelength of LC-cladding FBG with the applied voltage up to 600 V p{p are $4:6 dB and $0:3 nm, respectively, which means that the change of the mode index due to the variation of the surrounding refractive index of the fiber is $3 Â 10 À4 . The resultant tuning range of the Bragg wavelength is still small because the effect of the change of the refractive index of the LC is not enough. However, there exists the possibility to improve the properties of the LC-cladding FBG. If the cladding can be more heavily etched, so the cladding diameter can be smaller, the tuning range of the Bragg wavelength of the LC-cladding FBG is able to be improved. In addition, if the LC that has the large difference between the ordinary and the extraordinary refractive index is available, the shift of the Bragg wavelength could also be enhanced.
Polarized light waves
Most of the optical communication system components should be substantially polarization insensitive. Although optical components are designed to lessen their polarization sensitivity, some optical components are polarization sensitive by their nature, for example, planar waveguide. Thus, high-speed, long-haul optical communication systems require optical components that are polarization insensitive as well as compensators and equalizers to enhance the performance of polarization dependencies.
11) The proposed LCcladding FBG has good potential for application to compensate polarization-dependent characteristics because of its polarization-dependent properties.
In the experiment for researching polarization-dependent characteristics of the LC-cladding FBG, we used the setup illustrated in Fig. 6 with a polarizer. A different LC-cladding FBG from the previous experiment was used; however the fabrication method and conditions of LC-cladding FBG are identical. The voltage source of which frequency is 1 kHz was used. The spectral variation of the LC-cladding FBG according to the externally applied fields is shown in Fig. 8 . The solid and dotted lines represent, respectively, the cases without applied voltage and with applied voltage from 25 to 100 V p{p . The input light waves of P-and S-polarization states are denoted by Figs. 8(a) and 8(b) , respectively. A different performance between two orthogonal polarization states of the input light waves, i.e., P-and S-polarization states can be seen. The reflectivity becomes larger with applied voltage when the input light wave has the Ppolarization state. On the other hand, when the light wave has S-polarization state, the reflectivity remains nearly constant. The variation of the reflectivity with respect to the polarization states is shown in Fig. 8(c) . The enhancement of the reflectivity was $1:7 dB at 100 V p{p , when the P-polarized light wave was launched. The reflectivity of the S-polarized light wave does not nearly change regardless of the strength of the applied electric fields, even though a small variation in the reflectivity variation exists. The small variation of the reflectivity is probably due to the imperfect polarization state, the pretilt of the LC director, and/or a geometrical effect resulting from the cylindrical shape of the optical fiber. The polarization isolation of the LC-cladding FBG was 1.5 dB at 100 V p{p . As a result, the polarizationdependent characteristics of the LC-cladding FBG show its potential use of compensators and equalizers for PDL and PDG.
Conclusions
Electrically controllable FBGs with LC cladding have been demonstrated. The FBG inscribed in a standard SMF by the conventional phase mask method was chemically etched with a 49-wt % HF for 35 min to achieve $15-mm works. [6] [7] [8] However, the LC-cladding FBG is the first approach to control FBG by electrical method and still has the potential to improve the performances of tunability by advancing the LC cell structure. With polarized light waves, the reflectivity was enhanced up to 1.7 dB and the polarization isolation was 1.5 dB at 100 V p{p . (Polarization isolation could also be improved with modification of LCcladding FBG.) This scheme has the potential for application to electro-optic tunable filters, variable attenuators, polarization and wavelength-selective mirrors, PDL compensators and PDG equalizer in passive and active optical components of high-speed, long-haul optical communication systems.
